20 21 Culture-independent methods have contributed substantially to our understanding of 22 39 40
global microbial diversity. Recently developed algorithms to construct whole genomes 23 from environmental samples have further refined, corrected and revolutionized the tree 24 of life. Here, we assembled draft metagenome-assembled genomes (MAGs) from 25 environmental DNA extracted from two hot springs within an active volcanic ecosystem 26 on the Kamchatka peninsula, Russia. This hydrothermal system has been intensively 27 studied previously with regard to geochemistry, chemoautotrophy, microbial isolation, 28 and microbial diversity. Using a shotgun metagenomics approach, we assembled 29 population-level genomes of bacteria and archaea from two pools using DNA that had 30 previously been characterized via 16S rRNA gene clone libraries. We recovered 36 31 MAGs, 29 of medium to high quality, and placed them in the context of the current 32 microbial tree of life. We highlight MAGs representing previously underrepresented 33 archaeal phyla (Korarchaeota, Bathyarchaeota and Aciduliprofundum) and one 34 potentially new species within the bacterial genus Sulfurihydrogenibium. Putative 35 functions in both pools were compared and are discussed in the context of their 36 diverging geochemistry. This study can be considered complementary to foregoing 37 studies in the same ecosystem as it adds more comprehensive information about 38 phylogenetic diversity and functional potential within this highly selective habitat. sought out by geochemists, astrobiologists and microbiologists around the globe who 48 are interested in their chemical properties, which provide a strong selective pressure on 49 local microorganisms. Drivers of microbial community composition in these springs 50 3 include temperature, pH, in-situ chemistry, and biogeography [1] [2] [3] . The heated water 51 streams contain substantial concentrations of carbon dioxide, nitrogen, hydrogen, and 52 hydrogen sulphide. Moreover, high temperature subterranean erosion processes can 53 result in high levels of soluble metals and metalloids. Microbial communities have not 54 only developed strategies to resist these limiting conditions but have also invented ways 55 to thrive by converting hot spring chemicals into energy 4 . 56 
57
The Uzon Caldera is part of the Pacific Ring of Fire and is one of the largest active 58 volcanic ecosystems in the world 4 . The geochemical properties of this system have 59 been studied in detail [5] [6] [7] . The systematic study of Kamchatka thermophilic microbial 60 communities was initiated by Georgy Zavarzin in the early 1980's 8 . Briefly, the Uzon 61 Caldera was created by a volcanic eruption. It is characterized by high water 62 temperatures (20 -95° Celsius), a wide range of pH (3.1 -9.8), and many small lakes 63 that are filled with sediment and pumice, dacite extrusions, and peatbog deposits 9,10 . 64 Most of the hydrothermal springs lack dissolved oxygen, but harbour sulphides and rare 65 trace elements (antimony, arsenic, boron, copper, lithium, and mercury 11 ). Many 66 previously undiscovered bacteria have been isolated in this region using culture-67 dependent methods [12] [13] [14] , and 16S rRNA gene amplicon sequencing has revealed a 68 diverse collection of new lineages of archaea 15, 16 . Although microorganisms from Uzon 69 Caldera are well represented in culture collections 17 , this region has remained relatively 70 under-sampled by culture-independent methods 8, 9, 11, [18] [19] [20] [21] [22] [23] . 71 72 In this study, we focus on two hydrothermal pools, Arkashin Schurf and Zavarzin Spring 73 in the Uzon Caldera that were previously characterized using 16S ribosomal RNA gene 74 sequencing and geochemical analysis by Burgess et al. 9 (Fig. 1 ). Arkashin Schurf 75 (ARK) is an artificial pool, approximately 1 m 2 in size, in the central sector of the East 76 Thermal Field (54°30′0′′ N, 160°0′20′′ E), which was dug during a prospecting expedition 77 to Uzon by Arkadiy Loginov 10 . ARK has been generally stable in size and shape since 78 its creation 24 . Flocs ranging in colour from pale yellow-orange to bright orange-red have 79 been observed floating in ARK 10 . This pool is characterized by high concentrations of 80 arsenic and sulphur, which result from the oxidation and cooling of magmatic waters as 81 4 they reach the surface of the caldera 9 . Zavarzin Spring (ZAV) is a natural pool, 82 approximately 10 m 2 in size, in the Eastern Thermal Field (54°29′53′′ N, 160°0′52′′ E). 83 Unlike ARK, the size and shape of ZAV is constantly in flux as vents collapse and 84 emerge and as the amount of snowmelt changes 24 . Green Using the same DNA that had been used in the Burgess et al. study 9 as our starting 97 material, we applied a metagenomic whole genome shotgun sequencing approach. We 98 binned reads from the environment into individual population-specific genomes and then 99 identified and annotated taxonomic and functional genes for the microorganisms in the 100 two pools. In contrast to the 16S rRNA gene amplicon approach, metagenomic 101 sequencing avoids taxonomic primer bias 25 , provides more direct functional prediction 102 information about the system 26 , and ultimately can result in a more precise taxonomy 103 through multi-gene and whole-genome phylogenetic approaches 27 . However, at low 104 sequencing depths, metagenomic sequencing and whole genome binning capture only 105 the most abundant bacterial genes in the pools. Accordingly, we tested the following 106 questions: (1) Can we recover metagenome-assembled genomes (MAGs) from the two 107 pools? Are there any previously undiscovered or unobserved taxa that can be described 108 using this approach? (2) How do any identified MAGs compare to Burgess Table S1 ). For ZAV, 58,334,696 Solexa reads were 123 processed (4,900,114,464 bases) while 59.91% were retained and 59.05% passed the 124 cut-offs. Reads for each sample were then assembled using SPAdes 28 . The ARK 125 assembly generated 103,026 contigs of sizes from 56 to 103,908 bp with an N50 of 126 3,059. The ZAV assembly generated 151,500 contigs of sizes from 56 to 791,131 base 127 pairs with an N50 of 2637 ( Supplementary Table S1 ). Sanger metagenomic reads were 128 also generated from clone libraries for ARK and ZAV, but not used for metagenomic Supplementary Table S3 ) vs. a sister to Crenarchaeota (Fig. 2) ; and 162 ARK-02 was assigned to Candidatus Aminicenantes ( Supplementary Table S3 ) vs. 163 Acidobacteriales ( Supplementary Fig. S1 ). Due to the diverging biogeochemistry between ARK and ZAV, we were interested in if 207 shared genera between pools would be more similar to each other or to existing 208 reference genomes. To investigate this question, we focused our comparisons on two 209 genera, Desulfurella and Sulfurihydrogenibium, for which draft MAGs were obtained in 210 both pools with high completion (> 90%).
212
For Desulfurella, the MAGs obtained from both pools at first visually appeared to be 213 more distantly related to each other than to existing reference genomes with ZAV-10 214 grouping with Desulfurella multipotens (Fig. 4 ). However, when we calculated pairwise 215 average nucleotide identities (ANI), we found that ARK-08, ZAV-10, D. multipotens and 216 D. acetivorans should all be considered the same species (ANI > 95%; Supplementary 217 Table S9 ). A threshold of greater than 95% ANI is generally considered appropriate for 218 assigning genomes to the same species 30 . 219 220 For Sulfurihydrogenibium, the two MAGs appear to be more closely related to each 221 other than to existing reference genomes and appear to form their own clade ( Fig. 4B ). 222 This inference is supported by high ANI values from which we infer that the two MAGs 223 are actually the same species (ANI = 97.2%; Supplementary Table S10 ). The ANI 224 values of these MAGs suggest that they comprise a distinct species for this genus when 225 compared to the four existing reference genomes (ANI < 76%). High concentrations of arsenic have previously been found in Arkashin Schurf, hence 230 we searched specifically for homologs of genes involved in arsenic biotransformation 231 and compared them between the two pools. Homologs of genes encoding proteins that 232 are predicted to be involved in the arsenic biogeochemical cycle were present in both 233 pools (n = 86 for ARK and n = 73 for ZAV; Supplementary Table S11 ). These included 234 homologs of ArsA, ArsB, ArsC and ArsH, ACR3, Arsenite_ox_L, Arsenite_ox_S, and the 235 ArsR regulator ( Supplementary Table S12 ). Homologs of ArsH were restricted to 236 9 Arkashin Schurf. ACR3 could be assigned to MAG ARK-10; ArsA to ARK-07, ARK-11, 237 ARK-16, and ZAV-03; Arsenite_ox_L to ARK-07 and ARK-16; and Arsenite_ox_S to 238 ARK-01 and ARK-07. 239 240 We searched for complete chemical pathways in both pools and linked them to our 241 MAGs. In total, 222 complete KEGG gene pathways were predicted to be present in 242 ARK and ZAV combined. Completeness of a pathway is defined as including all 243 necessary components (gene blocks) to complete a metabolic cycle. Nine complete 244 pathways were predicted to be present exclusively in ARK ( Supplementary Table S13 ) 245 and 14 pathways in ZAV. We grouped the 119 shared gene pathways that could be 246 found in both pools based on KEGG orthologies into carbohydrate and lipid metabolism 247 (n = 31; Supplementary Table S14 ), energy metabolism (n = 16; Table 4 ), and 248 environmental information processing (n = 31; Supplementary Table S15 ). An 249 exhaustive list of all predicted KEGG pathways including their raw copy number in both 250 pools and KEGG pathway maps can be found in Supplementary Table S16 . Supplementary Fig. S1 ). Originally, we had included three Candidatus Aminicenantes 297 11 species when building Fig. 2 , but they were removed by trimAl because they were 298 missing a substantial number of the 37 single-copy marker genes. Aquificae, Bacteriodetes, Thermodesulfobacteria and Thermotogales (Table 3; 311 Supplementary Table S8 ). Euryarchaeota) and Caldisphaera at 34% and 30% relative abundance respectively. 316 Here, we generated two medium quality draft MAGs for Caldisphaera (ARK-06; ARK-317 07). We did not find any members of the Thermoplasmataceae group A10, but we did 318 generate a high-quality draft MAG from a candidate group in the same phylum, 319 Candidatus Aciduliprofundum (ARK-15). In Fig. 2 , the closest relative to ARK-15 is 320 Aciduliprofundum sp. MAR08-339 and together they from a sister group to Picrophilus the Uzon Caldera, but for which a reference genome does not yet exist 13 . 359 Sulfurihydrogenibium rodmanii is a strict chemolithoautotroph, it is microaerophilic and 360 utilizes sulphur or thiosulfate as its only electron donors and oxygen as its only electron 361 acceptor. ARK-13 has a GC content of 34.23% and ZAV-16 has a GC content of 362 34.32% (Table 1 ). These closely match the GC content estimate reported for S. 363 rodmanii of 35% 13 . Additionally, S. rodmanii is the best match for several of the Homologs of predicted protein families that play a role in the biotransformation of 415 arsenic were found in both pools. Such as homologs of the predicted genes arsB and 416 ACR3, which code for arsenite (As(III)) pumps that remove reduced arsenic from the 417 cell 54 . Early microorganisms originated in anoxic environments with high concentrations 418 of reduced As(III) 55 . Most microbes have evolved efflux systems to get rid of As(III) 419 from their cells 54 . Hence, nearly every extant microbe is armed with As(III) permeases, 420 15 such as ArsB or ACR3 53 . Some organisms evolved genes encoding anaerobic 421 respiratory pathways utilizing As(III) as an electron donor to produce energy while 422 oxidizing As(III) to As(V) 56 . This type of arsenic cycling has been predicted to be carried 423 out by members of Hydrogenobaculum spp., Sulfurihydrogenibium spp., 424 Hydrogenobacter spp., and other Aquificales 57 . We found MAGs of Hydrogenobaculum 425 and Sulfurihydrogenibium present in both pools, with two high quality drafts in ARK. In 426 addition to the Aquificales, we also found several copies of ACR3 in ARK-10, 427 Caldisericum exile. The DNA used here is the same DNA that was used in Burgess et al. 9 . In short, 460 Burgess et al. extracted DNA from sediment from ARK (Fig. 1) , collected in the field in taxon. We used 37 of these single-copy marker genes (Supplementary Material) to build 518 an amino acid alignment, which was trimmed using trimAl v.1.2 72 . Columns with gaps in 519 more than 5% of the sequences were removed, as well as taxa with less than 75% of 520 the concatenated sequences. The final alignment 73 comprised 3,240 taxa 521 ( Supplementary Table S3) In order to characterize gene functions in ARK and ZAV, we identified protein clusters 555 within the two thermal pools and visualized them in anvi'o using their pangenomic 556 workflow 83 . We also used this workflow to investigate whether shared genera between 557 pools would be more similar to each other or to reference genomes. We focused our 558 comparisons on the genera Desulfurella and Sulfurihydrogenibium as we were able to 559 obtain draft MAGs for these genera in both pools with high completion (> 90%). Bins 
